The genes encoding the small hydrophobic (SH) proteins of a series of respiratory syncytial (RS) virus strains were amplified using the polymerase chain reaction, cloned and sequenced. Analysis of the SH gene sequences from 12 RS virus strains isolated between 1956 and 1989 confirmed the homogeneity of the two subgroups, A and B, previously defined serologically. Although there is only 76% deduced amino acid sequence identity of SH proteins between subgroups, there was little variation in deduced amino acid sequences within the subgroups; nucleotide homologies within the subgroups ranged between 93 % and 99 %. Forty-two isolates of RS virus from a single epidemic season (autumn/winter 1989) were also examined to determine their relatedness. For these isolates regions of both the SH and nucleocapsid protein genes of each isolate were amplified and these regions were further analysed by direct nucleotide sequencing or restriction mapping. It was possible to discriminate at least six different lineages (or substrains) of RS virus circulating at the same time and in the same locality.
Introduction
Human respiratory syncytial (RS) virus is the major cause of lower respiratory tract infection in infancy, causing annual epidemics together with repeated infections of individuals (reviewed by Stott & Taylor, 1985) . Isolates of RS virus can be divided into two serological subgroups, A and B, on the basis of their reactions with monoclonal antibodies (MAbs) (Anderson et al., 1985; Mufson et al., 1985; Gimenez et al., 1986) . MAb studies have also shown that there is variation within the subgroups, particularly with regard to the attachment (G) protein (Morgan et al., 1987; Orvell et al., 1987; Garcia-Barreno et al., 1989) .
The degree of sequence identity between prototype strains of RS virus A and B subgroups has been determined for most genes: inferred amino acid identities range from 53~ for the G protein to 96~ for the nucleocapsid (N) protein (Johnson et al., 1987) . Studies of very limited numbers of RS virus strains within subgroup A indicate less diversity: 94~ amino acid identity for the G protein (Johnson et al., 1987) , 97 to 98 9/0 for the fusion (F) protein (Baybutt & Pringle, 1987; Scopes et al., 1990) , 98 ~ for the 22K protein (Baybutt & Pringle, 1987) , 98 to 99~ for the phosphoprotein (P) (Lambden, 1985; Lopez et al., 1988) and 100~ for the N protein (Johnson & Collins, 1989) . In addition, MAb and ribonuclease protection studies have suggested that there may be heterogeneity within subgroup A (Garcia-0000-9817 © 1991 SGM Barreno et al., 1989; Hendry et al., 1989; Storch et al., 1989; Cristina et al., 1990) . However, a deficiency of both MAb and ribonuclease protection studies is that they use only one or a small number of previously isolated strains for MAb or cDNA clone production, and as the reference point in comparative studies.
In this paper we first analyse the sequence variability of the gene encoding the RS virus small hydrophobic (SH) protein (previously designated the IA protein). The SH protein exists in at least four different forms in infected cells (Olmsted & Collins, 1989) , some of which are probably present in the virion envelope (Huang et al., 1985; Collins et al., 1990) . Both B and T cell epitopes have been identified in the SH protein of human RS virus and this protein may be involved in the immune response (Nicholas et al., 1988) . Comparison of the published sequences of the SH genes of one subgroup A and one subgroup B strain of RS virus showed that there was 72~o nucleotide sequence homologyy overall but that the presumptive ectodomains of the two proteins showed only 50~ amino acid identity (Collins et al., 1990) , indicating that this protein is potentially very variable. We report here the sequences of SH genes cloned from a further six subgroup A and four subgroup B strains of RS virus isolated over a 34 year period. Cloning of the RS virus genes was facilitated by the use of the polymerase chain reaction (PCR) (Saiki et aL, 1985) .
We next examined the variability of RS virus isolates obtained during a single epidemic by amplifying (using RNA extraction. Ceils were infected at the highest m.o.i, feasible, which was never more than 5 p.f.u./ceU. Cells were washed twice with phosphate-buffered saline (PBS) 24 h before any c.p.e, was expected to become apparent, scraped into PBS, pelleted by centrifugation and resuspended in 5 M-guanidinium isothiocyanate. Total cell RNA was recovered by centrifugation through caesium chloride according to the method of Maniatis et al., (1982) . This method was used when it was intended to clone the PCR products.
Alternatively, RNA was prepared from approximately 105 tissue culture cells by phenol extraction, followed by isolation of nucleic acids using Isogene (Perkin Elmer Cetus). This gave sufficient material for three to four PCRs. This very rapid method was used where the PCR products were to be restriction mapped or directly sequenced.
PCR. cDNA synthesis followed by PCR amplification (Saiki et al., 1985) was carried out using 20 ~tg total cell RNA in a final volume of 100 ~tl containing 30 mM-Tris-HCl pH 8-3, 50 mM-KC1, 4 mM-MgCI 2, 0.5 mM each dNTP, 20 pg gelatin, 0.1 ~tg each primer, 5 units (U) reverse transcriptase (Life Sciences) and 1.5 U Taq polymerase amplify between nucleotides 858 and 1135 of the human RS virus N gene . Cloning. PCR products were phenol-and chloroform-extracted and then ethanol-precipitated. Portions of the products were either endfilled using the Klenow fragment of Escherichia coli DNA polymerase I and ligated into Sinai cut M13mpl8 or -19, or cut using the linker restriction sites and cloned into appropriately restricted mpl8 or -19.
Sequencing of clones. DNA sequences were determined by the dideoxynucleotide chain-termination technique (Sanger et al., 1977) using commercially available kits from either Pharmacia or U.S. Biochemicals. Several clones of each SH gene were sequenced.
Sequencing of PCR products. PCR products of the SH gene of subgroup A strains were electrophoresed using 1.75% agarose with Tris-acetate-EDTA buffer. Bands were visualized using ethidium bromide and u.v. transillumination and excised from the gels. The DNA was isolated using Geneclean (Bio 101) according to the manufacturer's protocol. About 100 ng DNA was mixed with a 100-fold molar excess of primer 4, boiled for 3 rain and plunged into solid CO2 (Winship, 1989) . Sequencing was carried out using a Sequenase kit (U.S. Biochemicals) but with the addition of 0.5% NP40 to all reactions (Bachmann et al., 1990) . Analysis of the relatedness of sequences was made with the CLUSTAL program (Higgins & Sharp, 1988) .
Restriction mapping of PCR products. PCR products of the N gene amplifications were phenol-chloroform-extracted and ethanol-precipitated. Samples were then restricted with HindlII, PstI, BgllI, HaelII, RsaI and NdeI using buffers supplied by the manufacturers. These restriction enzymes were chosen with reference to the sequences of the N protein genes of subgroup A and B RS viruses Johnson & Collins, 1989) and pneumonia virus of mice (PVM) (Barr et al., 1991) . Fig. 1 (b) shows the relative positions of these restriction enzyme cutting sites.
Results

PCR of RS virus
Primers 1 and 2 gave a PCR product of 278 bp from all strains of RS virus examined. Primers 3 and 4 amplified a fragment of 281 bp from subgroup A strains of human RS virus only. Primers 5 and 6 amplified a fragment of 209 bp from subgroup A and 212 bp from subgroup B strains of human RS virus but failed to show any reaction with two strains of bovine RS virus. The sizes of PCR products obtained correlated with those predicted from the design of the primers.
Sequence of SH genes of RS virus strains of subgroup A
The nucleotide sequences of the SH genes (excluding the 3' non-coding region) of subgroup A strains Long, RSS2, RSG4988, RSG1504, RSB1202 and RSB1734, and their similarity to the analogous region of strain A2 are shown in Fig. 2 . These sequences are an amalgamation of those derived from clones obtained using both sets of primers; nucleotides 1 to 21 and 272 to 295 were defined by the PCR primers. Fig. 3 is a chequerboard analysis of the nucleotide homology between these RS virus subgroup A strains; the lower half of the chequerboard shows homologies over the entire area sequenced, whereas the upper half shows homologies within the portion of the 5' non-coding region not covered by the primer. It can be seen that over the whole area sequenced, nucleotide homologies varied between 93 % and 99 %, whereas in the non-coding region variation was greater, with homologyy values ranging from 83% to 100~. The most similar strains of virus appeared to be Long and A2, and RSS2 and RSG4988. RSG1504 and RSB1202 were least similar to the other strains examined and unlike each other; RSB1734 appeared most similar to A2, but less like RSS2 and RSG4988, which had in turn appeared to be similar to A2. Analysis of the relatedness of these strains of RS virus using CLUSTAL analysis is shown as a dendrogram in Fig. 4 . This analysis again pairs Long and A2, and RSS2 and RSG4988, with the other strains being progressively less similar.
Analysis of amino acid identity (Fig. 2 ) between these RS virus subgroup A strains showed very little variation and, where differences were observed they were mainly conservative.
Sequence of SH genes of RS virus strains of subgroup B
The nucleotide sequences of the SH genes of RS virus subgroup B strains RSN2, RSN1599, RSN7454 and RSB641, and their comparisons with that of strain 18537 (Collins et al., 1990) , are shown in Fig. 5 . Nucleotides 85 to 110 and 273 to 296 were defined by the PCR primers. In contrast to the RS virus subgroup A data, these comparisons refer only to the coding region of the genes. Fig. 6 is a chequerboard analysis of the homologies of these genes. It can be seen that homology varied between 97~ and 99~ over this more limited region. These valuesare similar to the homologies observed for the corresponding region of the seven RS virus subgroup A strains, which ranged from 97~o to 99~o, except for RSG1504 and RSB1202, which were only 94~o homologous in this region. Strains RSN2 and RSN1599, and RSN7454 and RSB641 were the most similar. the RS virus subgroup A strains, there was little significant variation in the amino acid sequences of the SH proteins of these strains, the only non-conservative change being lysine to asparagine at residue 48 in strain RSN2.
Analysis of strains from a single epidemic
Having demonstrated that the 5' region of the SH gene was potentially variable, the degree of variability of this area of the genome from a large number of isolates from a single epidemic season was examined. In addition, the variability of a part of the conserved N gene was also examined, in this case by restriction mapping. Fig. 7 ). The average age of patients was 4.4 months, with a range from 16 days to 12 months; the male:female ratio was 4:3.
Of these RS virus isolates, 42 were studied further by amplification of a fragment of the N gene followed by restriction enzyme mapping, by subgrouping by differential amplication of the SH gene and by sequencing of part of the SH gene in the case of RS virus subgroup A isolates. Differential amplification of the SH genes of isolates, using primers 3 to 6, showed that 62~ were of RS virus subgroup A and 38 ~ were of RS virus subgroup B (Table 2 ). Both subgroups were present throughout the epidemic period (Fig. 7) .
Restriction mapping of N gene fragments
As mentioned earlier, primers 1 and 2 gave a 278 bp fragment from all RS virus strains examined. Table 3 shows the various patterns of restriction sites detected in the RS virus epidemic isolates. Eight different patterns have so far been found, numbered NP1 to NP8. NP7 and NP8 were derived from bovine RS virus and PVM, respectively (data not shown). As can be seen in Table 2 , all RS virus subgroup A isolates obtained during the autumn 1989 epidemic in Birmingham gave N gene fragment restriction pattern NP2 (79~) or NP4 (21 ~), whereas RS virus subgroup B strains gave pattern NPI (73~) or NP3 (27yo). Also, four isolates were examined which were isolated in the spring of 1989 (RSB641, -642, -1202 and -1734 at the bottom of Table 2 ), which may represent the tail-end of the preceding epidemic. Of three RS virus subgroup A strains from this period, two showed a different pattern, NP5, which was not detected in the autumn epidemic. The data in Table 2 show that NP patterns NP2, NP4 and NP5 were restricted to RS virus subgroup A whereas NP1 and NP3 were restricted to RS virus subgroup B. N gene restriction pattern NP6, deduced from the sequence of RS virus subgroup B prototype strain 18537 (Johnson & Collins, 1989) , was not detected during this epidemic. Previously studied RS virus strains Long, A2 and RSS2 all belong to restriction pattern NP4.
SH gene sequences of the 1989 epidemic isolates
The 5' part of the SH gene-specific PCR products was sequenced for 26 RS virus subgroup A isolates. Fig. 8 summarizes the data for the nucleotide sequences of groups of these isolates for bases 22 to 180 (21 bases at the beginning of the gene are not given as they were determined using primer 3). As can be seen in Fig. 8 , the RS virus subgroup A isolates fell into four distinct groups. The first group, or lineage, SHL1, was composed of isolates RSB5728, "i" The NP6 pattern is deduced from the sequence of the N gene of RS virus strain 18537 (Johnson & Collins, 1989) .
:~ The NP7 pattern is given by bovine RS virus (strains RSV/110 Snook and 9007-82, provided by Dr G. Taylor, Institute of Animal Health, Compton, U.K.).
§ NO, Not determined.
II The NP8 pattern is deduced from the PVM N gene sequence (Barr et al., 1991) . nucleotide 64 (C--,A) . The third lineage, SHL3, was composed of isolates RSB6256, -6378, -6613, -6726, -6785, and -7099 (23 ~) and the fourth lineage, SHL4, of isolates RSB6425, -6614 and -6696 (12~) ( Table 2) . From Table 2 , it can also be seen that all isolates that fell into SH lineages SHL1, SHL3 and SHL4 were of the N gene restriction pattern NP2, Whereas isolates from SHL2 were of the N gene restriction pattern NP4. A fifth SH gene lineage (SHL5) was detected in isolates RSB642 and RSB1734 from the spring of 1989 (Fig. 2) ; RSB642 differed from RSB1734 at base 78 (U~C). This SHL5 lineage was not found in the autumn epidemic; these are the same isolates that had the N gene restriction pattern NP5. The relatedness of these SH gene lineages was
IRSBSS96 ---: SHL4 determined using the CLUSTAL program for multiple sequence alignment (Higgins & Sharp, 1988) and is shown as a dendrogram (Fig. 9) . It can be seen that lineages SHL1, -3 and -4, which all had the N gene restriction pattern NP2, were more closely related to each other than to isolates in lineage SHL2, which had a different N gene restriction pattern. To supply a reference point for previously isolated RS virus strains, strain RSG4988 is also included in Fig. 9 (see Fig. 4 ). This strain, isolated in Glasgow in 1976, has only one nucleotide difference relative to the isolates of lineage SHL2 over the region sequenced, and also has the same N gene restriction pattern (NP4). Prototype RS virus strains Long, A2 and RSS2, which were isolated in the U.S.A., Australia and U.K. respectively, show SH gene sequences most closely related to lineage SHL2. The temporal distribution of the various RS virus lineages detected during this epidemic is shown in Fig. 7 . It can be seen that the peak of the epidemic is made up of all six lineages (four RS virus subgroup A and two subgroup B), with lineage SHL1 (subgroup A) and NP1 (subgroup B) being slightly more numerous than the other lineages. The geographical distribution of the home addresses of the patients was also analysed but no correlation of a lineage with a particular locality within the Birmingham area could be demonstrated unequivocally.
Discussion
This paper reports the use of PCR for amplification of selected regions of the RS virus genome. By use of appropriate primers it was possible to divide these human RS virus strains into two groups which corresponded to the two subgroups defined previously by reactions with MAbs.
The extent of the nucleotide homology of the SH genes of RS virus strains such as A2, Long and RSS2 was comparable with the sequence data already published for the F, 22K and P genes of these strains (Baybutt & Pringle, 1987; Lambden, 1985; Lopez et al., 1988; Johnson & Collins, 1989) . However, greater variation was observed when other strains were examined. For example, RSG1504 showed no greater than 94~ homology with any of the other strains examined. It appears that the comparative sequencing of RS virus subgroup A strains published so far has been carried out fortuitously on closely related strains, so giving a distorted impression of the degree of relatedness between strains within subgroup A. This view is supported by studies using ribonuclease protection experiments which also suggest that much greater diversity is present in clinical isolates than might be inferred from consideration of the published F and P data alone (Storch et al., 1989; Cristina et al., 1990) . In addition these ribonuclease protection studies show that some strains, apparently closely related in terms of fragment pattern, could reappear some years later. The data presented here reinforce these observations. It would appear possible that strains Long, A2, RSS2 and RSG4988 belong to a discrete lineage of RS virus subgroup A strains (Fig. 4) . Certainly some RS virus strains, such as Long and A2, and RSS2 and RSG4988, are very closely related, despite having been isolated in different geographical areas and different years, whereas RSB1202 and RSB1734 are distinct despite being isolated within 1 month of each other and in the same city (see Table 2 ).
In the case of the RS virus subgroup B strains, more limited data are presented. However, it would appear that similar levels of heterogeneity to those observed in the RS virus subgroup A strains are present in these strains. There are no other comparative sequence data on the extent of variation within the subgroup B; however, it is likely to be similar in magnitude to that of subgroup A because the coding region of the P gene of the RSN2 strain has 98-8~o homology with that of the strain 18537 P gene (C. Caravokyri, personal communication).
Comparisons of the amino acid sequences of the SH proteins of strains A2 and 18537 (Collins et al., 1990) showed that there was little conservation between these prototype RS virus subgroup A and B strains in the presumed ectodomain of this protein, with the exception of the two amino acids at the carboxy terminus and the retention of the methionine residues, and the Nglycosylation site. Perhaps surprisingly, the results presented here indicate that within RS virus subgroup A there is no variation in this presumably exposed and immunologically important region of the SH protein, with the exception of the replacement of a valine residue (amino acid 49) with isoleucine (RSG1504) or alanine (RSG4988). Within RS virus subgroup B, there is a lysine to asparagine change (residue 48) in RSN2 only, and a leucine to glutamine change (residue 57) in RSB641 and RSN7454. In contrast, of the 21 C-terminal amino acids of 18537, only nine are present in A2 (Collins etal., 1990) .
Examination of a large number of RS virus strains from a single epidemic showed that the epidemic was made up of at least six different lineages of the virus, four subgroup A and two subgroup B. The RS virus subgroup B lineages may be further divisible because these were defined on the basis of restriction mapping only. However, division of the RS virus subgroup A isolates into lineages was made on the basis of results with two separate genes, one considered from the A/B subgroup comparison of Johnson et al. (1987) to be conserved and the other variable. Since the results with both genes correlated without exception, it would seem that these divisions are a valid reflection of the relatedness between the various isolates.
In the study of the 1989 epidemic, RS virus isolations were made only from hospitalized babies and so represent only a small fraction of the infections occurring in the community. It is therefore possible that other strains of RS virus were circulating simultaneously but were not recovered because of their lower virulence or decreased incidence. It is striking to note that a type of RS virus represented by strains RSB642 and RSB1734, which was present in Birmingham in the spring of 1989 had apparently disappeared by the autumn. There are a number of possible explanations for this such as herd immunity, or chance failure of reintroduction in the autumn.
It is tempting to speculate that the recurrent infections which are characteristic of RS virus may in part be due to variability of the virus. The demonstration that multiple lineages of RS virus coexist favours such a hypothesis, particularly as it has been shown previously that there is much divergence in the immune profile of the G protein, one of the major inducers of a protective immune response (Garcia-Barreno et al., 1989) . Experiments will now be undertaken to examine whether the lineages defined by this study using the N and SH protein genes are reflected in differential protective immune responses.
The observation that some of the isolates examined from this epidemic (lineage SHL2) are very similar to a strain isolated some 14 years previously (RSG4988), indicates that despite the apparent diversity of the RS virus subgroup A strains, the separate lineages may be relatively stable. The observation that the commonly used laboratory strains (Long, A2 and RSS2) of subgroup A all belong to the same N gene restriction pattern group and have SH gene lineages closely related to SHL2 suggests that the viruses present in the community may differ in their ability to grow in cultured cells.
In conclusion, this paper reports the cloning and comparative sequencing of the SH genes of six subgroup A and four subgroup B RS virus strains and compares these sequences with those of the prototype strains. This analysis suggests that the two subgroups are relatively homogeneous; with respect to the coding region of this gene, strains within a subgroup showed little variation. However, analysis of a large number of strains from the 1989 epidemic by use of PCR followed by restriction mapping and direct sequencing allowed delineation of a number of different lineages of RS virus present during a single epidemic. The significance of these lineages remains to be determined but they provide a basis for further study of the epidemic behaviour of RS virus.
